A theoretical study of diamond/silicon (001) interface structures with and without graphitic interlayers using a density functional based tight-binding molecular dynamics method is presented. The study is motivated by recent progress towards diamond heteroepitaxy on Si (001) using the bias technique.
The diamond surface layer is found to dimerize spontaneously in both cases (with and without graphite interlayers). In models with an odd number of sp 2 layers, the last sp 2 bonded atoms next to diamond become the diamond dimerized termination layer. Because of the dimerization, compatibility is required between the 3 on 2 epitaxy and the (2 × 1) dimerisations of both the Si and C surfaces joint together at the interface. The various ways in which the diamond and Si dimer arrays can be juxtaposed are analyzed and structural relaxation calculations are carried out for each to determine the optimum energy interface structure. The relative energies of the various structures are tentatively explained in terms of favorable and unfavorable local structural units. The optimum structure found has a stepped diamond surface with the lowermost carbon layer dimers orthogonal to the Si dimers. Recently much progress has been made in heteroepitaxial growth of diamond on silicon. This can be attributed largely due to the application of the bias enhanced deposition technique. [1] [2] [3] Although the effects of biasing are not completely understood yet, an enhancement of the nucleation density is generally accepted to be part of the mechanism.
The structure of the resulting diamond/Si interface is still controversial. In particular, the question arises of whether diamond is in direct contact with Si or whether other phases occur as intermediate interface layer. This appears to be sensitive to details of the biasing pretreatment and growth procedures. Under certain circumstances, one finds cubic or (3C-)
SiC formation, 4,5 amorphous carbon, 6 and nanocrystalline graphite 7 at the interface, or at least in part of the interface. SiC formation has also been observed in diamond deposition on
Si without bias enhancement. Although the exact experimental circumstances favoring or disfavoring the various interfacial phases are not yet completely clear, at least the existence of direct diamond on silicon epitaxial interfaces as one possibility has been clearly demonstrated using several experimental techniques, such as electron and X-ray diffraction 6, [8] [9] [10] .
Growth of diamond on some of these intermediate phases has also been studied directly.
5,11
While these are of interest in their own right, the present paper focuses mostly on the direct diamond on Si epitaxy with possibly a graphitic interlayer but without SiC formation. While the direct epitaxy of diamond on Si has been demonstrated, this does not mean that it is perfect and single crystalline. Typically one observes well faceted crystallites of a typical size of 1-2 µm exposing a (001) facet. The various grains have slight misorientations of 2 • .
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Electrons microscopy [8] [9] [10] has also revealed a small tilt angle. The origin of this remaining defect structure is also of interest but mostly outside the scope of the present paper. Here we focus on the interface well within one of these typical crystallites where a nearly perfect epitaxy is present.
The focus of this work is to identify possible atomic scale structures of the direct heteroepitaxial silicon/diamond (001) interface with and without graphitic interlayers. Our rea-son for including graphitic interlayers is motivated by a suggestion by Robertson et al. Graphite in this model not only plays the role of a nucleation layer for diamond (as suggested in Ref. 13 ), but also would play a role in stress relieve and might thus be thought to stay present after growth. There are many appealing features to this hypothesis. Among others, a similar interface structure with sp 2 bonded planes of h-BN normal to the interface appears to occur in the deposition of c-BN on Si by ion-beam assisted deposition. 15 
This
Robertson model, however, does not address in detail how the match of graphite to Si happens in the direction parallel to the graphite sheets, nor does it explain how direct diamond on Si epitaxy results in the end. In the present paper, we find that, in fact, the graphitic layers are not energetically favorable. While this does not exclude their initial presence in the nucleation stage, it shows that the argument of stress relieve by a compliant graphitic bufferlayer does not hold. Secondly, the lower energy of the models with diamond in direct contact with Si without intervening graphitic layers may explain why the final films, at least under certain circumstances do not show evidence of graphite at the interface, even if the above suggested growth mechanism by Robertson is occuring. We wish to emphasize that the present paper actually does not address the question of growth as such. Alternative mechanisms to Robertson's may occur and result in direct growth of diamond on Si.
To arrive at this conclusion, we establish fully three dimensional atomic-scale models for the interface with a graphitic buffer layer of varying thickness, including zero thickness, i.e. direct epitaxy on Si. Each initial model is subjected to a molecular dynamics relaxation in order to find the minimum energy structure. We compare the energetics and structures of our models and identify those with the lowest interface energy. The method employed to calculate the interatomic forces in the molecular dynamics simulation is a density-functional based tight-binding method.
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Besides the above mentioned point about graphitic layers, we already find from our initial model construction, based on simple ball and stick models and supported by some intial calculations using the Tersoff 17 empirical potential, 18 that it is favorable for the Si(001) dimerization on the free surface to remain present at the interface. We thus started all our subsequent modelling from dimerized Si surfaces. The carbon atoms were left in ideal bulklike positions initially. We found, however, that spontaneous dimerization occured also on the diamond terminating interface layer. The remainder of the paper is then largely concerned with the classification of how the various dimer patterns of Si and diamond can be fit together, and which of those has the lowest energy.
The paper is organized as follows. Sec. II briefly describes the general computational method. Sec. III describes the geometry of the initial models that were investigated. Sec. IV gives some specific details on the molecular dynamics runs. Sec. V gives the results. We first discuss the difference in energetics with and without graphitic layers. Next, we discuss the details of the dimerization patterns. We are then ready to discuss the energetic ordering of the structures in more detail in terms of their local structural elements. This is done in Sec. V D. A brief summary of the main results is given in Sec. VI.
II. METHOD
We calculate the interfacial atomic structure with a non-orthogonal density-functional based tight-binding (DF-TB) molecular dynamics (MD) method. As opposed to conventional TB methods the Hamiltonian and overlap matrix elements are obtained in a parameter-free way from a self-consistent calculation of pseudo-atomic orbitals and potentials within LDA. 16, 19, 20 The pseudo-atomic potential includes a parabolic term over the free atom which leads to more localized orbitals. These orbitals are used as a minimal sp 3 basis in an LCAO formalism for the extended states of the system. Neglecting three-center and crystal field integrals the non-self consistent solution of the discretized general eigenvalue problem yields Kohn-Sham single electron states. The sum of the energy eigenvalues of the occupied states gives the so-called band structure energy. The Brillouin zone sampling is done using the Γ point only. This is justified by the large size of the supercell. The total energy is then obtained by adding a short range repulsive pair potential. This potential is obtained beforehand from the difference of self-consistent LDA energy calculations and the band structure energy as calculated from scaled diatomics and crystalline reference systems.
In order to perform an MD simulation, we obtain Hellman-Feynman forces on the ion cores and integrate Newton's equation with an efficient one-step Verlet algorithm.
III. SETUP
To simulate the interface structure we use a conventional 2D slab geometry with 3D periodic boundary conditions. The geometry is a sandwich-like structure consisting of 6 (001) monolayers of Si atoms, 0 to 5 monolayers of carbon atoms in sp 2 configuration and accordingly 10 to 6 (001) monolayers of carbon atoms in an ideal diamond crystal structure. Figure 1 gives an overview over a typical structure, seen edge on in two orthogonal directions.
The total thickness of a structure is typically 15Å. The structure is repeated periodically in the interface normal direction after an additional slab of vacuum of 40Å thickness on either side. In the following, the term layer shall be understood as monolayer of one species, while slab shall denote a group of monolayers of the same species.
The terminating silicon and carbon monolayers on the vacuum sides of the model have two dangling bonds per atom and both were saturated with pseudo hydrogen. In the TB formalism, this species interacts with other atoms like hydrogen while there is no interaction with atoms of the same kind. This modification circumvents the problem of strong steric repulsion that arises otherwise on the dihydrogenated diamond (001) face.
In Ref. Figure 2 , because otherwise the terminating diamond atoms appear in a flat, x-like bond configuration, seen in structure at the graphite to silicon interface discussed below it turns out that this nomenclature is sufficient to describe a complete interface model. For brevity, we will apply the term "graphitic" even in the case where we have only 3 or even less layers of sp 2 bonded atoms.
For the starting configuration of the atoms near the interface we left the diamond slab unreconstructed (as-cleaved). As it turns out, dimers form there spontaneously during the relaxation giving rise to a complex set of structures. We will delve into this matter later in more detail.
B. Graphite on Silicon Match
Continuing the heteroepitaxial interface towards Si, the graphite [0001] G direction can only be oriented parallel to the [110] Si direction. The silicon (001) face, while crystallo-graphically equivalent to its diamond analogue, differs from it in two respects: firstly, the mesh is about 50% wider, and secondly, silicon does not occur in an sp 2 hybridisation. An implication of the first aspect is that if the graphitic slab is placed such that a carbon atom from the terminating graphite layer is directly above a terminating silicon atom, the next silicon neighbor in the plane faces a carbon atom from the second monolayer, giving rise to a highly strained 4-fold ring formed by these two atoms and the two closest atoms from the carbon termination layer. This configuration is illustrated in Figure 3 a). The first silicon atom ends up in an sp 2 configuration which is unfavorable and therefore this configuration is ruled out a-priori.
Now, performing a rigid body translation of the graphitic slab by a/4, a being the
[1100] G distance, we see that a much better bond configuration can be reached, see Figure 3 b). In this case, two adjacent silicon termination atoms are bonded to two adjacent carbon termination atoms. Then it is obvious that the silicon pair will dimerize, such that a 5-fold ring is formed with the silicon dimer and the 3 nearest carbon atoms. The result is that all silicon atoms are in sp 3 configuration, leaving no dangling bonds on the silicon surface.
The graphitic sheets are always oriented parallel to the silicon dimers. An orientation with the graphite rotated by 90
• about the interface normal leads again to a 4-fold SiC 3 ring which is why we have discarded this orientation. Also, the graphite slab must terminate with one dangling bond to match those from the silicon. A distinction similar to the diamond cases α 3 vs. α 4 is not necessary. This in turn justifies the nomenclature for the even and odd indices to α and β as introduced above.
The transition along the vertical axis of the graphite slab from the silicon to the diamond lattice is achieved by a pairwise tilt of graphitic sheets bonded to two adjacent silicon dimers about the axes of these dimers ([110] Si ), as can be seen in Fig. 1 .
From the right hand side panels of Fig. 3 it is now also clear that a [110] Si view as given in Ref. 7 is quite ambiguous. We assert that the silicon dimerisation plays an important role in lowering the interface energy, analogous to its importance on the free (001) surface.
C. Fitting it together
In the partial interfaces established above, there are interfacial dangling bonds at certain carbon atoms, both in graphite and diamond. These have been saturated with hydrogen.
We base the saturation on the fact that during the conventional CVD growth process both hydrogen and carbon radicals containing hydrogen are abundant in the growth environment.
The atoms saturated with hydrogen are the graphitic atoms of the lowest layer not bonded to silicon (G H in Fig. 1 ) and the atoms in diamond rows not bonded to graphite (D H ).
The lateral size of the supercell slab is 15Å×7.5Å containing 4 silicon (2 × 1) unit cells in either a 2 × 2 or a 4 × 1 array, depending on the minimum periodicity of the coinciding diamond and silicon lattices taking into account diamond dimerisation.
Since the size of the supercell was adjusted to the silicon substrate material and both the diamond and graphite slabs are subjected to the same supercell both of these are under a residual expansive mismatch strain of 1.5% and 4%, respectively. The lateral relation between the diamond and silicon slabs is such that a (2 × 2) mesh of atoms from the silicon second subsurface layer exactly coincides with a (3 × 3) mesh of atoms from the diamond second subsurface layer.
We have created all arrangements possible subject to the conditions outlined above for the number n of graphitic layers varying from 0 to 5 and both orientational matchings, resulting in structures denoted α n and β n . However, instead of 12 structures, only 10 have been considered further, because of the bond clash in the β case for odd n > 2 as discussed earlier. In other words, the cases β 3 and β 5 were eliminated as being unfavorable without an explicit calculation. In the structures with no additional sp 2 layers, namely α 0 and β 0 , it must be noted that the bond configuration of the terminating diamond mono layer is a perfect substitute for the graphite/silicon bonds discussed in the previous section. The zigzag carbon bond chain seen in Fig. 3 reappears by definition in the [110] D direction on the diamond face and there is no difficulty applying the established bond concepts and nomenclature to these ad-layer free models.
IV. MD AND ENERGIES
As a next step, we have performed a simulated annealing (SA) MD scheme for each structure, in which the system was allowed to relax to its low-energy configuration. We lowered the temperature from 300 K to 0 K over a period of 0.3 ps. To check that no higher barriers are involved we also performed the annealing for a subset of structures starting at a much higher temperature of 1500 K and running for 1 ps. In these cases, the total energy of the interface system was restored to within 0.04 J/m 2 , which is negligible against the scale of about 1 J/m 2 spanned by the total energies of the various models.
During the annealing, the lowest two monolayers of silicon and its hydrogen termination layer have been kept fixed in order to provide for a fixed reference and the transition to the bulk crystalline silicon substrate. Conversely, the vacuum side of the diamond layers has not been restricted. Although the absence of restrictions meant that this diamond surface is subject to thermal motion of the hydrogen termination layer the topology remained intact throughout the annealing and the crystal structure was restored with the sole exception of a 2% bond contraction between the top two carbon layers.
After the annealing process, we compare the energetics of the models. The calculation of absolute values for the interface energies requires special care in calculating bulk and slab energies with equivalent precision which is outside the scope of the present paper. Since it is of no direct relevance here, we use the lowest total energy out of all model structures as our reference point. We can then compare the relative stabilities of the models. From the TB point of view, the energies of the different models were corrected for a varying number of carbon atoms in the system. This correction was calculated from the cohesive energy of a carbon atom as obtained from calculations of bulk diamond. Fortunately, because of the for our purposes negligible difference in the cohesive energy of carbon atoms in either sp 2 or sp 3 configuration, we do not introduce configuration dependent deviations. The number of atoms of the other species (hydrogen, pseudo-hydrogen and silicon) was the same for all models and therefore no further correction was needed.
This correction procedure is equivalent to using the "Gibbs" definition of interface energy,
where A is the unit cell area, γ i the interface energy, E i the total energy of the interface region (i.e. the slab) and µ a and N a are respectively the chemical potential and number of atoms of each species. The chemical potential is the energy per particle and is here set equal to the corresponding bulk energies assuming that the interface region is in thermodynamic equilibrium with both Si and C (diamond) bulk reservoirs. We assume here that no SiC formation takes place. Otherwise we should have fixed one of the chemical potentials by the
To estimate the accuracy of the method we have also performed a much more costly calculation of four typical models within a double sized supercell of 15Å ×15Å containing 4 × 2 silicon dimers and about 600 atoms in total. While the energy scale after correction for the factor 2 in the number of atoms was shifted by about 0.5 J/m 2 the energy differences between the respective models were reproduced to within 0.3 J/m 2 . We explain the constant shift by residual interactions of the silicon layers in the smaller cell which do not appear to be critical for the structure formation in the carbon slabs. Instead, we attribute the changes in the mutual energy differences to slight variations in the structure due to a less restricted periodicity. The applicability of the method to carbon and silicon systems has been demonstrated in previous studies of the diamond surface and interface to graphite including vibrational properties.
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V. RESULTS
After the SA procedure we compared the structures and energetics of all models. The first question we wish to address is whether graphitic buffer layers help in stabilizing the silicon/diamond interface. Looking at Table I and for the time being ignoring column two (which will be explained later), it can now be answered that the addition of graphitic layers costs energy rather than lowering it. In Fig. 4 we have plotted the relative energies of all models considered vs. the number of remaining sp 2 layers after the simulation. The energy reference was model α 1 , which was found to be the most stable structure. The points for the models with an initially odd number of sp 2 layers, in particular the lowest energy model α 1 , are shifted to the left because spontaneous dimerisations transform one of the sp 2 layers into sp 3 bonded configurations.
For the given arrangement of graphitic slabs in our models a 4% uniaxial stretch along
[1100] G gives a contribution to the interface energy of (0.11 ± 0.04) J/m 2 for a single sp The contribution for the biaxial diamond strech with a volume preserving shrink along the interface normal is 0.015 J/m 2 and thus negligible.
We now proceed with a look at the general structure features. The first point to note is that there was no large scale atomic migration within the models, so that our input structures were essentially good initial guesses. As a result of the single face clamping of the models the global distance between the silicon and diamond slabs got adjusted due to the convergence to optimal bondlengths in the interface region, especially between dissimilar species.
The most interesting changes which took place were spontaneous dimerisations of originally sp 2 coordinated carbon atoms. The silicon dimerisation was maintained, albeit with pairwise relaxations to accommodate for the transition to the graphitic or diamond layers, respectively. We draw the conclusion that the energy drop achieved over the course of the SA procedure was largely due to these two factors of carbon dimerisations and the vertical bond length adjustments. This is similar to what happens on a free diamond surface.
The carbon dimerisation has another important implication besides its impact on the model energetics. The original arrangement of the diamond on silicon in a 3-on-2 registry had a 3 × 3 interfacial periodicity with respect to the diamond lattice, corresponding to a 2 × 2 mesh on the silicon side, with one primitive cell containing two silicon dimers. After the pairwise carbon dimerisation however, the mutual lattice periodicity has expanded to 6 × 3 on the diamond face and 4 × 2 on silicon.
Which atoms dimerize depends on the mutual orientation of the diamond slab with respect to the graphitic or silicon slab directly below. We state as a dimerisation rule that the dimerising atoms are those which were originally, before the SA run, sp 2 bonded and had sp 3 bonded nearest neighbours one layer above. However, the detailed behaviors are quite different for cases with odd and even n and shall therefore be discussed separately. We start out with the simpler case first.
A. Carbon Dimerisation for odd n
For an odd number of added sp 2 layers (i.e. in the models α 1 , α 3 , α 5 and β 1 ), the atoms on the top sp 2 monolayer have two dangling bonds directed towards the diamond slab, as in the that its surface can be viewed as a dense array of Chadi-Type S A steps. 24 We therefore characterize the models in this group as 'stepped'. It will prove very useful to consider the plane of protruding dimers as part of the diamond lattice. The periodicity on the diamond face is (2 × 3) where the unit cell contains 2 dimers on the protruding and incomplete monolayer and 1 on the receded layer.
B. Carbon Dimerisation for even n
In the the case of the remaining models, which have an even number of sp 2 ad-layers (i.e. the models α 0,2,4 and β 0,2,4 ), the atoms of the lowest diamond layer itself (i.e. D G and D H ) are in sp 2 configuration and therefore form dimers. These dimers are now all within one monolayer. The 3-on-2 match of diamond onto silicon brings about a symmetry breaking of the conventional (2×1) dimerisation pattern which could be expected. Although the influence of the graphite or silicon is slightly different for the α and β structures, the established dimer pattern is the same. As can be seen in Fig. 5 b) , the pattern is obtained from the (2 × 1) pattern by a lateral shift of every third dimer along its bond direction into the gap between two dimer rows. The result is again a (2 × 3) mesh, but now flat within one monolayer.
C. Carbon Dimers relative to Silicon Dimers
Orientational Match
The topological configuration of the diamond slab occurs in either the stepped form (n odd) or the flat form (n even), irrespective of whether the model is of the α or β type. The models are, however, distinct with respect to the orientation of the underlying silicon dimers.
The diamond and silicon dimers can occur in either a parallel or an orthogonal arrangement, We now introduce a change of the nomenclature which reflects the structure of the relaxed models closer than the original designations. We call a dimer configuration with the key dimers parallel or orthogonal to the silicon dimers an "A" and "B" orientation, Table I contains an overview of the relation of original to final model designations.
In the remainder of this section, we detail the discussion of the position of the diamond lattice with respect to the silicon lattice under special consideration of the mutual dimer arrangements. Figure 6 gives an overview of all the dimer patterns found on the flat and stepped diamond face as well as on the silicon face and their relation to the underlying lattice sites and surface meshes. The silicon pattern is repeated with a 90
• rotation to give a clear understanding of the dimer matching for the A and B orientations. The picture can be understood as follows: one of the carbon slabs is placed on top of one of the silicon slabs, e.g. the diamond flat surface, shown in panel a) onto the silicon surface with the same dimer direction, shown in c). We obtain an orientation with parallel dimers, hence called A flat.
Repeating this process for all pairs results in the mutual dimer orientations denoted for short A flat, A stepped, B flat and B stepped, respectively. The dimers circled in Fig. 6 indicate the key dimers and help to understand the parallel or orthogonal orientations between the carbon and silicon dimers.
Positional Match
So far, only the orientations of the dimers have been discussed. What remains to be specified is the lateral position of the diamond slab relative to the silicon slab. As indicated earlier (section III C), the matching position is achieved and most easily described by a twodimensional coincidence of the second sub-surface layers of the diamond and silicon slabs.
Then the configuration shown in Fig. 3 b) is obtained, with the silicon/diamond lattice coincidence mediated by pairwise symmetrically bent graphitic sheets, e.g. as seen in Fig. 1 .
In Fig. 6 , the atom sites of the respective carbon and silicon second subsurface layers are given as dots and marked by numbers within a primitive cell in both the carbon (2 × 3) and silicon (2 × 1) meshes. Because of the different sizes and shapes of primitive cells, there are various ways to match one of the 6 carbon sites onto one of the 2 silicon sites. However, the symmetry of the combined lattices reduces the number of distinct matches. Without referring to group theoretical arguments we just briefly discuss the effects and outline the relation between the various matches and our actual model structures. There are two symmetry effects reducing the multiplicity of matches: The first one is that the match of a certain carbon site onto a silicon site implies the match of a different carbon site onto an equivalent silicon site. The other effect is related to the mirror symmetry of the dimer patterns which can be shown to transform matches of two non-equivalent carbon sites into each other.
As an example for the first symmetry type consider a match of atom C 1 of the flat diamond face onto Si 1 in the A flat dimer orientation-place Fig. 6 a) The other symmetry type is more subtle. Using the same example for the match as above it can be seen that mirror reflection of the combined lattice about the "X" axis as marked in A given orientational and positional match of the dimer patterns is mediated between the diamond and silicon slab by a certain number of graphitic layers. This is now always an even number, because in the models which were constructed with an odd number of sp 2 layers, the top one dimerized and was considered incorporated into the diamond slab. Most of the matches are represented by the models which we have actually calculated. In Table II we give the structure names in the new nomenclature as they relate to the established nonequivalent matches. For the example discussed above we obtain the dimer pattern of the α 4 model, denoted A 4 in the final nomenclature. Some of our calculated models give rise to the same dimer pattern match. In this case, both models were listed for a given match.
There are a few entries in Table II which arise from a matching of lower symmetry or from dimer arrangements marginally different from the ones found spontaneously formed.
The low-symmetry cases, marked x, y and z, give rise to unfavorable bonding near the top silicon dimers, sometimes leaving them partially unsaturated. The entries marked with a prime ( ′ ) are similar to the indicated structure with the exception of a different dimer matching on the flat diamond face. We will not consider these special cases further.
Instead, we will concentrate on the structures of lowest energy and discuss their structural details. Figure 7 gives an overview over the particular dimer patterns for these stable structures. For the structures without sp 2 interlayers [Fig. 7 a) In all cases the full periodicity of the combined dimer patterns of silicon and diamond is of the size of the supercell, namely a diamond (6 × 3) mesh, corresponding to a silicon (4 × 2) mesh. Also, there is no indication of buckling of the Si dimers as opposed to the free Si(2 × 1) surface.
D. Structure Details
Stepped Diamond Termination Models
We now take a closer look at the stepped models without sp 2 layers, namely A Fig. 8  a) ], the silicon and diamond dimers are parallel to each other. The result is a cage-like structure with two 4-fold rings, each containing a carbon and a silicon dimer and the vertical bonds between them. The other sides of the cage are formed by two 6-fold rings in boat configuration containing the vertical bonds and bridging atoms from the next monolayer of diamond and silicon on the top and bottom side, respectively. Given the constituting ring structures, we call this cage type C 4,6 . In the other type of cage, the dimers appear orthogonal to each other, and one obtains the cage-like structure found in the B s 0 model [ Fig. 8 b) ]. Here, all sides of the cage consist of 5-fold rings, each formed by one dimer, two vertical bonds and 2 bonds towards atoms from the next layers adjoining the dimers on both the silicon and carbon side. There are 2 rings with the silicon dimers and 2 with the carbon dimers. We denote this type of cage as C 5,5 .
Before we try to understand the differences in energy of the stepped models we compare bond angles and lengths for the two types of cage structures.
The main difference between the two cage types concerns the bond angles at the silicon atoms of the ring structures. In the C 4,6 type this angle is 81
• within the 4-fold ring, while In detail, the intra-cage silicon dimer separation of the A s 0 model is 3.36Å [cf. Fig. 8  a) ], while the ideal spacing is 3.83Å. In contrast, the carbon [110] D spacing is expanded to 2.64Å compared to an ideal spacing of 2.55Å under the slight biaxial strain imposed by the supercell. In the B s 0 structure [ Fig. 8 b) ], the dimer asymmetry is less pronounced. Here the intra-cage Si dimer separation (3.54Å) is much closer to the ideal spacing. The same holds for the analogous diamond distance of 2.58Å. The D H dimers found in all stepped models have about the same dimer bondlength of 1.63. . . 1.64Å. This is close to the value of 1.60Å which we find with our method on the hydrogenated diamond surface.
There are several other aspects which distinguish the two models discussed so far. These include bond length and bond angle variations as well as vertical buckling of atoms in the second and third Si monolayer. These variations are very complex and appear to have partially cancelling effects on the total energy of the systems.
Before we continue the discussion with the flat surface models shown in Fig. 9 , we will look at a stepped structure which contains 2 sp 2 monolayers of carbon atoms, i.e. the B The Si-C bondlength is 1.86Å -much shorter than in the sp 2 free models. We recall that in spite of this strain lowering at the graphite/Si interface, we found above that the graphite layers themselves are under strain, which ultimately leads to a higher energy for the models containing graphitic layers. 
Flat Diamond Termination Models
In this section we discuss details of the low-energy models with a flat diamond termination face, i.e. the models A 0 , B 0 and B 2 . These models, along with A . The other flat-terminated models are higher in energy and we will not discuss them in detail here.
The most important difference between the flat and stepped diamond faces is the more complex dimer pattern arising due to dimerisation between carbon atoms with different neighbor configurations. While one atom of such a pair is bonded to silicon or an atom of the sp 2 interlayer the other one is hydrogen saturated. The latter type is marked by dashed boxes in Fig. 7 . It is evident, that initially, on the unreconstructed diamond face, these atoms are energetically frustrated to form dimers towards either neighboring atom.
During the SA procedure, the frustration is resolved as a consequence of the initial random velocities. As a result, dimer patterns of lower symmetry than the starting configuration emerge.
For a detailed discussion, we first look at the A 0 structure having the carbon and silicon dimers in parallel arrangement, seen in Fig. 9 a) . As a familiar element, one of the two structural units connecting the silicon and diamond slabs is a C Fig. 9 a) is a more open cage structure, denoted by C 7,6 because of its constituting 7-fold and 6-fold rings. It can be generated from the C 4,6 cage by opening its carbon dimers and including one more carbon atom from the next monolayer as closure. The sides of the cage are formed by two 6-fold rings in chair configuration and two 7-fold rings containing the silicon dimers and extending to the top atom of the cage. Taking into account full periodic boundary conditions one notices that the carbon dimers extend horizontally outwards from the cage at both sides.
The structure with orthogonal carbon and silicon dimers is B 0 , shown in Fig. 9 b) . The typical structural unit in its interface region is a rather asymmetric cage structure, denoted by C 8,5 , which consists of one 8-fold and three 5-fold rings at its sides. It emerges from a Finally, we briefly want to point out a few aspects of the B 2 structure, shown in Fig. 10 b). Here we also see the result of frustration effects in the carbon dimer pattern. All the dimers are expanded. Additionally, the sp 2 sheets are disturbed in their planarity. In terms of energy, this B structure is higher by 0.06 J/m 2 compared to its corresponding A 2 structure, although this value is at the accuracy limit of our method.
VI. CONCLUSION
We have discussed structural models for the heteroepitaxial interface between diamond and silicon with varying thickness of an sp 2 bonded carbon interlayer. We identified the most stable interface structures to be those without sp 2 interlayers. We showed that this is resulting from residual internal stress in the graphitic or sp 2 bonded network. This strain is imposed by forced matching of the in-plane inter-atomic spacings with both the silicon and diamond lattice. The energy difference could indeed be largely attributed to elastic energy calculated separately for appropriately strained graphite layers as occuring at these interfaces. These conclusions are rather opposite to a previous proposal in the literature.
We found that both the Si and diamond surfaces joint at the interface exhibit reconstructions involving the formation of dimers, similar to what happens on free surfaces of these materials. In contrast with free surfaces, however, the dimer patterns that may occur are more complicated. First of all, there is a variety of possible structural models resulting from various ways to mutually arrange the dimers on each of the surfaces. A systematic classification scheme of these dimer arrangements was worked out and their energetic ordering was investigated. Some of the models obtained correspond to a stepped diamond surface. This arises naturally in our models by incorporation into the diamond and dimerization of layers initally described as sp 2 bonded or "graphitic". In fact, we find one of these models (labeled B s 0 ) to have the lowest energy. Secondly, the juxtaposition of the dimers at the interface in an energetically optimal manner leads to models which exhibit small cage like structural units. These involve both silicon and carbon dimers in immediate proximity with bonds forming the connection between the two bulk crystal structures. We found the interface model B s 0 with orthogonal silicon and carbon dimers forming cage structures bound by mixed 5-fold rings to be the most stable structure.
Although the next higher energy structure is significantly higher (∼0.5 J/m 2 ), there are several models with energies in the range 0.5-1.0 J/m 2 above the lowest one. We anticipate that some of these may occur by random nucleation events and may be kinetically stabilized by a lack of mobility of islands when growing beyond a certain size. This non-uniqueness of the interface structure may be partially responsible for the remaining imperfections in epitaxy and the size limitations of crystallites observed in diamond on Si epitaxy. All the models studied here, however, are square on square and would correspond to rather well oriented growth as is indeed observed in biased epitaxy. Another factor influencing the defect structure may be the residual mismatch after the present 3 on 2 matching. These larger scale structures, however, are outside the scope of the present paper.
Finally we wish to re-emphasize that our conclusion regarding the unfavorable nature of graphitic interlayers does not fully rule out the existence of an sp 2 interlayer in the initial stages of the growth. The rather large voids left between the sp 2 sheets might become filled with migrating carbon material causing the adjoining sheets to buckle and be assimilated into the diamond crystal. Our total energy results, in fact, would explain that there is a driving force towards this densification because forming a direct diamond/Si interface would lower the energy compared to those with a graphite interlayer. This is consistent with the experimental observation that after the growth is finished sp 2 interlayers have not been found in deposited films.
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Experimental verification of the proposed lowest energy structure is desirable but anticipated to be far from trivial because of its rather complex nature. We note, however, that these local structural units may have a characteristic signature in HRTEM and may perhaps be identified by image simulations. Full details of the structures (atomic coordinates) are available upon request from M.S. by email. Fig. 3 a) 
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